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The endoplasmic reticulum (ER) adopts a remarkable array of flattened membrane structures and branched
tubular networks to support cellular function. Recent studies reveal that the integral membrane atlastin
GTPases, which are linked to neurodegenerative diseases, catalyze membrane fusion and are required for
the formation of branched membrane networks characteristic of the ER.The continuous membrane-limited com-
partments of the endoplasmic reticulum
(ER) form thenuclear envelope and extend
throughout the cell periphery in an inter-
connected network of flattened cisterna
and tubules. Cell biologists have been
intrigued for decades by the elaborate
ER membrane morphologies observed
across different cell types and species.
Live-cell imaging has also revealed a
highly dynamic network of ER membrane
tubules that undergo constant fusion and
fission events. However, the molecular
mechanisms that shape ER membranes
and regulate cellular ER content were
poorly understood.
Cytoskeletal directed motors can pull
ER membranes into tubules and influence
ER structures, although several lines of
study suggest that assembly of tubular
ER elements is cytoskeleton-independent
(Waterman-Storer and Salmon, 1998;
Voeltz and Prinz, 2007). Instead, a class
of integral membrane proteins belonging
to the reticulon and DP1 families were
found to be required for efficient formation
of ER tubules (Voeltz et al., 2006). The re-
ticulon/DP1 proteins are highly enriched
in tubular ER elements and contain
double-hairpin transmembrane segments
that are thought to induce positive mem-
brane curvature through insertion as a
wedge into the outer leaflet of ER mem-
branes. Indeed, reconstitution of purified
reticulon (Rtn1) and DP1 protein (Yop1)
into proteoliposomes was sufficient to
induce membrane tubules of high curva-
ture (Huet al., 2008). Andwhile the intrinsic
properties of reticulon/DP1 proteins to
inducemembrane tubulesprovides partial
insight into formation of tubular ER, it was
still not known how these ER tubules
undergo membrane fusion and fission to
form the branched junctions character-
istic of ER networks. A recent report inCell (Hu et al., 2009) and a second report
in Nature (Orso et al., 2009) now identify
the atlastin proteins as key components
in generating branched ER membrane
structures and catalyzing homotypic
fusion of ER membranes.
In initial experiments, Hu and col-
leagues detected the atlastin-1 isoform
in complex with the reticulon Rtn4a when
either target protein was immunoprecipi-
tated from membrane-solubilized brain
extracts (Hu et al., 2009). Further experi-
mentation indicated that other atlastin iso-
forms were specifically associated with
additional reticulons and DP1, suggesting
that atlastins may interact generally with
this class of ER tubule-shaping proteins.
Atlastin proteins belong to the dynamin
family of GTPases but importantly are
characterized by two closely spaced
transmembrane segments near their
C-termini. The dynamin superfamily has
well-characterized roles in a variety of
intracellular membrane fission and fusion
events (Praefcke and McMahon, 2004).
Next, the authors demonstrated that at-
lastin proteins were enriched in tubular
ER elements as observed for the reticu-
lon/DP1 proteins and that overexpression
of a GTPase-deficient version of atlastin-1
in cultured mammalian cells produced
long unbranched ER tubules. Lastly,
a cell free assay that recapitulates forma-
tion of ER tubular networks in frog egg
extracts was strongly inhibited upon addi-
tion of neutralizing atlastin antibodies,
indicating a direct role for the altlastin
proteins in shaping tubular ER networks.
Howdo the atlastin GTPases cooperate
with reticulons/DP1 to generate branched
ERnetworks? In a parallel study, Orso and
colleagues also observed that atlastin
proteins localize to ER membranes and
that loss of function atlastin mutations
caused fragmentation of ER networksDevelopmental Cell 1(Orso et al., 2009). Moreover, these inves-
tigators found that Drosophila atlastin,
when purified and reconstituted into
synthetic liposomes, was sufficient to cat-
alyze membrane fusion in vitro. Experi-
ments to further define atlastin-dependent
membrane fusion in this minimal system
demonstrated that GTPase activity was
required for assembly of oligomeric atlas-
tin complexes in trans to drive bilayer
fusion. Indeed, the role of atlastin proteins
in GTP-dependent membrane fusion ap-
pears surprisingly similar to the proposed
function of the Fzo1/mitofusins members
of the dynamin superfamily that catalyze
homotypic fusion of outer mitochondrial
membranes (Hoppins et al., 2007).
Regarding formation of ER networks, the
collective findings seem most consistent
with a model in which reticulons/DP1
produce tubules and atlastin GTPases
introduce branch points in the ER network
through homotypic membrane fusion.
Thismodel is further supported by genetic
interactions in yeast indicating a synthetic
negative relationship between mutations
in orthologous atlastin (SEY1) and DP1
(YOP1) genes (Hu et al., 2009). It should
be informative to test if membrane
networks are generated in a minimal pro-
teoliposome system reconstituted with
purified reticulons, DP1, and atlastin,
although it seems likely that additional
components will be involved to assemble
and maintain reticular networks in cells.
Given the varied ER morphologies that
are observed in distinct cell types and at
different stages of the cell cycle (Lu et al.,
2009), additional layers of regulation are
almost certainly imposed on the currently
identified machinery.
Finally, do these results provide insight
into the inherited forms of neurodegener-
ation connected to mutant alleles of atlas-
tin in humans? The atlastin-1 mutations7, August 18, 2009 ª2009 Elsevier Inc. 157
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hereditary spastic paraplegia (HSP) and
are characterized by axonal degeneration
of long corticospinal motor neurons (Sali-
nas et al., 2008). Over half of the HSP
mutations reside in three genes that in-
clude atlastin-1; spastin, a microtubule-
severing ATPase that associates with
atlastins; and REEP1, another member of
the DP1 family of proteins. Therefore,
defects in ER network formation appear
to underlie most instances of HSP. These
observations suggest that long spinal
neurons are particularly dependent on
elaborate ER networks for cell function.
And while trafficking per se does not
seem inhibited by these mutations, is
may be that cortical ER networks that lieIntegrins Anchor th
Sara A. Wickstro¨m1 and Reinhard Fa¨ssle
1Department of Molecular Medicine, Max Plan
*Correspondence: faessler@biochem.mpg.de
DOI 10.1016/j.devcel.2009.07.023
Cell invasion through the basement m
ogenesis, depends on an interplay of
The mechanisms whereby these d
elusive. In this issue of Developmen
platforms for a specialized invasive
Basement membranes (BM) are dense
sheets of extracellular matrix (ECM) that
function as structural support for epithe-
lial, endothelial, and mesenchymal tis-
sues. They serve as barriers to separate
tissues into compartments and provide
signaling cues that regulate the behavior
of these cells (Yurchenco et al., 2004).
Crossing such tissue barriers is a hallmark
of developmental programs such as
migrating neural crest cells, the invading
blastocyst, and endothelial cells during
angiogenesis, but also of invasive growth
and tumor metastasis (Rowe and Weiss,
2008). On a cellular level, traversing the
BM requires multiple steps: an adhesive
interaction of the cell with the BM, local
degradation of the ECM, and finally mi-
gration through the tight and complex
ECM sheet. Understanding this process
158 Developmental Cell 17, August 18, 2009just beneath the plasma membrane play
a critical role in axonal maintenance. This
precise role is not known, although the
observed degeneration of specific neu-
ronal cells may provide an important clue
to the cellular function of peripheral ER
networks.
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the uterus and the vulva (Sharma-Kishore
et al., 1999; Sherwood and Sternberg,
2003). Sherwood and coworkers showed
in previous studies that AC invasion is
initiated by a diffusible cue secreted by
the vulval tissue and a second, less robust
cue derived from the ventral nerve cord
(VNC). The response of the AC to these
cues is regulated by a developmentally
timed intrinsic competence acquired by
ACs (Sherwood and Sternberg, 2003).
The VNC cue for AC invasion is UNC-6
(Ziel et al., 2009), the C. elegans ortholog
of netrins, a family of secreted ECM-asso-
ciated factors that act as guidance cues
for cellular pathfinding (Cirulli and Yebra,
2007). UNC-6 acts through its receptor
UNC-40 (Deleted in Colorectal Cancer;
DCC in mammals) to establish an invasive
membrane domain in the AC containing
